The aim of this study was to investigate the effect of montmorillonite on nonylphenol (4-nonylphenol, 4-NP) enrichment in a zebrafish model. The AB strain zebrafish were used as the animal subjects, and three concentration gradients were set for both nonylphenol and montmorillonite, according to their actual concentrations in aquaculture water in Huzhou City. A group treated with nonylphenol alone was also set, adding up to 12 experimental groups. Concentrations of nonylphenol enriched in the liver, muscle and gills of zebrafish were detected by solid phase microextraction-high performance liquid chromatography at Days 7, 15 and 30, respectively. Additionally, the relative enzymatic activity of superoxide dismutase (SOD) and the glutathione S-transferase (GST) were also detected, and the data were statistically analyzed. The results showed that the concentrations of nonylphenol in zebrafish peaked at Day 7 and gradually decreased afterwards for all the experimental groups. The montmorillonite reduces short-term accumulation of nonylphenol in gills, and the high concentration of nonylphenol facilitates its enrichment in liver and muscle, while the low concentration of nonylphenol does not. Meanwhile, the low concentration of nonylphenol in liver exerts an influence on the inductive effect of SOD and GST, while the high concentration of nonylphenol shows the inhibiting effect of SOD and GST.
Introduction
Environmental endocrine-disrupting compounds (EDCs) interfere with the synthesis, release, transport, metabolism, binding, action or elimination of endogenous hormones and then impact the normal endocrine system of organisms, leading to reproduction and immune dysfunctions [1] . In addition to the reversible or irreversible biological effects on the organisms, the offspring or the population, EDCs also compromise the disease resistance of the body [2, 3] and even cause diseases and cancer [4] [5] [6] [7] . For instance, nonylphenol (NP), a common industrial raw material, is a typical phenolic environmental hormone and mainly accumulates in water bodies with a solubility of 5.43 mg/L [8] . NP is a general term for the isomers, and its formula is C 6 H 4 (OH)C 9 H 19 . 4-NP is one of the major components of NP, almost 90% of the total. This chemical presents genotoxicity, developmental toxicity, immunotoxicity and neurotoxicity [9] [10] [11] [12] [13] . Additionally, it may deposit in living organisms and exhibit biological effects via the water body, as well as through the food chain, and the effect of environmental EDCs might be more harmful after enrichment by the food chain [14, 15] . 
The Conditions of Solid Phase Microextraction
The water samples derived from aquaculture water were filtered by a microfiltration membrane (0.45 µm), and the assembly of the adsorption time (60, 40, 30 and 20 min) of SPME and the resolution time (40, 30, 20, 10, 9, 7, 5 and 3 min) of SPME can confirm the optimal adsorptional analytical conditions through HPLC analysis. The experimental procedure of SPME was in accordance with the instructions.
Exposure Measurement and Grouping
(1) Determination of the exposure concentration of 4-NP:
A total of 10 typical aquaculture water samples in the Huzhou area were selected, with the average concentration of 4-NP detected by high performance liquid chromatography regarded as a 1× exposure concentration of 4-NP.
(2) Determination of MMT concentration:
The accumulation in seven consecutive days was calculated as a 1× exposure concentration of MMT on the basis that the depth of the aquaculture water system was 1.2-1.7 m. The annual input of commercial feed per mu was 350-500 kg, and 2-5 kg of MMT in aquatic feed per ton were added. The result was 2.949 × 10 −5 g/L.
(3) Exposure test grouping:
The samples were divided into 17 experimental groups, respectively, 1×, 10× and 100× 4-NP exposure groups, 1/100, 1× and 100× MMT exposure groups, nine pairwise combinations between 1/100, 1× and 100× MMT exposure concentrations and 1×, 10× and 100× 4-NP exposure concentrations, the organic solvent group (with 1 mL ethanol added) and the test water group, with three parallel tests in each group. 4-NP with different amounts in the experimental groups was dissolved with 1 mL ethanol. The solid MMT was dissolved with some deionized water first, then added into deionized water along with the 4-NP alcoholic solution.
The Treatment of Zebrafish Tissue Samples
Each of the 25 zebrafish were raised in 20 L of aquaculture water (the aquaculture water was prepared by deionized water with different concentrations of 4-NP and MMT) in a tank, with a pH of 7.0 ± 0.5 (adjusted by NaHCO 3 ). A fluorescent lamp was chosen to simulate natural light, replacing half of the aquaculture water every 24 h. The zebrafish were fed with the commercial feeds (without MMT), and the fish maintenance and the feeding protocol have been described by Lee et al. [37] . After being raised for 7, 15 and 30 days, six fish were randomly selected from each tank, respectively. The tissue samples of liver, muscle and gills were extracted and stored at −20 • C.
Tissue samples derived from two fish (sex chosen at random) were classified into one group. The tissue homogenates were added to 10 mM/L HCl up to 9 mL, stored at 4 • C for 24 h, then each group was centrifuged for 10 min (6000 rpm at 4 • C). The supernatant was filtered with a 0.45-µm filter membrane and was diluted by ultrapure water to 15 mL. Then, the diluent was processed in accordance with Section 2.2.3 (under the optimum condition).
Determination of the Concentrations of 4-NP in Tissues and Data Analysis
The concentrations of 4-NP in treated samples were detected by HPLC in accordance with Section 2.2.1. Statistical evaluations of the significant differences among the means of experimental groups were performed using Student's t-test (MS Excel 2010).
Measurements of Enzymatic Activity
The liver samples were derived from 2 fish of each experimental group, and the sampling and the enzymatic activity determinations of SOD and GST were in accordance with the kit instructions.
Results

Parameters of 4-NP Testing Methodology
The Essential Parameters
The LOQ was set at a 4-NP concentration of 1.046 µg/L, while the LOD was set at a 4-NP concentration of 0.4184 µg/L. The accuracy was set at a 4-NP concentration of 2.092 × 10 3 µg/L with the RSD 2.25% (n = 6). The recovery rate of 4-NP ranged from 77.797%-89.274% (Table 1) . 
Standard Curve
The peak area of the elution curve of 4-NP from the samples derived from zebrafish tissues (liver, muscle and gills) and aquaculture water have been measured, and the binary linear regression equation has been established by contrasting the peak area of each sample with the 4-NP content of each sample ( Table 2 ). The correlation coefficients of these two factors are also listed in Table 2 . 
Optimum Condition for SPME
Extraction was processed by 75 µm of PDMS/DVB. The optimal adsorption time was 20 min, and the resolution time was 5 min.
Exposure Dose of 4-NP
The mean 4-NP contents of 10 measured water samples was 3.2133 µg/L, while the exposure doses of 4-NP were 3.2133 µg/L, 32.133 µg/L and 321.33 µg/L, respectively.
The Determination Results and Data Analysis of 4-NP in Tissues
The 4-NP contents in liver, muscle and gills of zebrafish at Day 7, Day 15 and Day 30 were measured and calculated for single factor analysis of variance with Excel. The results showed that 1/100, 1× and 100× MMT exposure concentrations, organic solvent ethanol and test water had no effect on the experimental results (in the following tables, N1, N2 and N3 respectively represent low, medium and high concentrations of 4-NP, and M1, M2 and M3 respectively represent low, medium and high concentrations of MMT). Tables 3-5 The data analysis showed that whether with or without MMT, the concentration of 4-NP in liver has been on the decline over time. On the seventh day, when MMT was non-existent, the concentration of 4-NP in liver was highly enriched with a low dosage, but there was no such effect at Day 15 and Day 30. By contrast, 4-NP cannot be enriched in liver at any time while MMT exists. 30) . The data analysis showed that whether with or without MMT, the concentration of 4-NP in liver has been on the decline over time. On the seventh day, when MMT was non-existent, the concentration of 4-NP in liver was highly enriched with a low dosage, but there was no such effect at Day 15 and Day 30. By contrast, 4-NP cannot be enriched in liver at any time while MMT exists. Figure 2 . The data analysis shows that whether with or without MMT, the concentration of 4-NP in muscle has been on the decline over time. On the seventh day, when MMT was nonexistent, the concentration of 4-NP in muscle was highly enriched with a low and a medium dosage, and this effect could last for up to 15 days. By contrast, 4-NP cannot be enriched in muscle at any time while MMT exists. Figure 3 . The data analysis showed that the concentration of 4-NP in gill has been on the decline over time. The 4-NP enrichment effect in gills was not related to the concentrations of NP and MMT in aquaculture water. 
Variance Analysis of 4-NP Contents in Liver
at Day 7 and Day 15, the second row represents analysis at 7 d and 30 d, while the third row represents analysis at Day 15 and Day
Discussion
With a concentration of 4-NP in a real environment of 3.2133 µg/L, which is three-times that of LOQ, this concentration of 4-NP was set as the minimum concentration of the exposure concentration, and the 4-NP concentrations of 32.133 µg/L and 321.33 µg/L were set as the medium concentration and the maximum concentration. The results suggested that in all experimental groups, the concentration of 4-NP in liver, muscle and gills showed increasing trends at first, and then decreased; the concentration of 4-NP drop in the later stage may be attributed to the zebrafish that had resistance and enhanced the decomposition ability. The concentration of 4-NP in the gills at the same time was not significantly different among groups (p > 0.05), suggesting that while 4-NP in aquaculture water was directly in contact with the gills, the concentration of 4-NP in gills was not related to MMT. Generally speaking, MMT in aquaculture water could affect 4-NP enriched in the fish in two ways, and MMT can reduce the concentration of 4-NP in aquaculture water by its adsorption effect. Moreover, MMT in the fish could slow the metabolism of 4-NP and reduce the rate of excretion; and may, in this way, serve the in vivo enrichment of 4-NP. We used the enzyme activity as the indicator to investigate the toxicity effect of 4-NP on zebrafish, and the result showed a complexity of environmental hormones, that is the low dose of 4-NP had a stronger bioactivity than the high dose of 4-NP. In addition, the enzyme activity of SOD was 175.82% of the control, while the enzyme activity of GST was lower (139.65%), suggesting that SOD is more sensitive to 4-NP, and it is also more suitable for the detection index of 4-NP.
The test 4-NP concentration employed in our study was set to 3.2133 µg/L, which was consistent with the environmental 4-NP concentration, and this concentration of 4-NP, as well as the 4-NP concentrations of 32.133 µg/L and 321.33 µg/L were used in the respective experiments. The results showed that the concentrations of 4-NP in the liver, muscle and gills of zebrafish in all the experimental groups reached a peak at Day 7, then decreased at Day 15 and Day 30 (p < 0.01). There were no differences in the concentrations of 4-NP in muscle and gills between Day 15 and Day 30 for each group; data from the liver were relatively complicated, i.e., the differences of N2, N3, N1M1, N2M1, N2M3 (p < 0.01) and N1M3 (p < 0.05) versus the control were significant, while those of the other groups were not. Overall, 4-NP concentrations in the liver, muscle and gill of all the experimental groups were high at first and later decreased, and the declined concentration in the late period could be explained by enhanced resistance or decomposition by the zebrafish. In the absence of MMT, enrichment of 4-NP in the liver at Day 7 was more significant at a lower dose of 4-NP, namely N1 > N2 > N3 (p < 0.01), while at Day 15 and Day 30, a higher enrichment effect was observed at a higher dose; accumulation of 4-NP in the muscle at Day 7 and Day 15 was higher in N1 and N2 than in N3 (p < 0.01); while enrichment of 4-NP in gills was not highly correlated to its concentration. In the presence of MMT, enrichment of 4-NP in the liver was significantly decreased at 7 d in all N1 groups (p < 0.01), but such decreased accumulation in N1 was only observed in N1M1 at 15 d. Accumulation of 4-NP was enhanced in all N2 and N3 groups except for the N2M1 group (p < 0.01), but such enhanced accumulation was observed only in the N2M2 group until Day 30. In the muscle, enrichment of 4-NP at Day 7 was reduced by MMT in N1, but increased by MMT in N2 and N3, and the altered enrichment was maintained until Day 30 only in the N1M3 group. The concentration of 4-NP in gills was influenced by MMT and was reduced in all the experimental groups, but the difference was significant in only a few groups. In summary, as long as there was a significant difference, higher concentrations of MMT or 4-NP always led to higher accumulation of 4-NP when the other was constant.
It can be speculated from the above-mentioned results that MMT exhibits different enrichment effects on 4-NP in zebrafish. MMT adsorbs 4-NP and reduces the actual concentration of 4-NP by flocculation in water, and this effect is directly reflected in the water-contacted gills, in which the short-term enrichment of 4-NP is reduced by MMT; once 4-NP is ingested by the zebrafish, MMT contributes to the short-term accumulation of 4-NP in the liver at both medium and high doses and in the muscle at a high dose, as well, but not to the accumulation of 4-NP in the liver and muscle at a low dose. Analysis of the experimental data also showed that the effects of MMT on 4-NP enrichment decrease gradually over time. Due to the limitation of this study that only three time points were designed for each experimental group, further research is required to identify the time points when the maximum concentration of 4-NP is achieved.
The enzyme activity of liver SOD and GST was affected by the organic 4-NP content. While the concentration of 4-NP is lower than 0.00747 µg/g, the activity of SOD would be induced. By contrast, the activity of SOD would be inhibited when the concentration of 4-NP is higher than 0.00747 µg/g, and the inductive and inhibiting effect would be increased with the increase of the concentration of 4-NP; the concentration of 4-NP had a similar effect on the enzyme activity of GST, while the critical concentration was 0.0401 µg/g. The induced enzyme activity of SOD could reach 175.82% compared to the control enzyme activity, while the GST could only reach 139.65% of the control enzyme activity. These results suggested that the SOD is more sensitive to the toxic effect of internal 4-NP, and 4-NP has a more effective regulatory mechanism on the enzyme activity of SOD.
Conclusions
According to our results, in the short term, MMT could possibly reduce the enrichment of nonylphenol in gills, and the high concentration of nonylphenol has the benefit of enriching itself in liver and muscle, while the low concentration of nonylphenol would be against its enrichment. The enzymatic activity of SOD and GST exerts an inductive effect when the concentration of nonylphenol in liver was reduced; by contrast, the enzymatic activity of SOD and GST would exert an inhibiting effect while a high-concentration of nonylphenol was gathered in the liver. 
